Dichelobacter nodosus is a Gram-negative anaerobic bacterium that is the causative organism of footrot in sheep. A D. nodosus locus responsible for a modification of the host lipopolysaccharide (LPS) in Escherichia coli was cloned and sequenced. Genetic studies showed that the modification occurred within the inner-core region of the host LPS, most likely to one or more of the heptose molecules. Antibodies eluted from the modified LPS reacted preferentially with the lipid-A-core region of D. nodosus LPS, suggesting that the cloned epitope was present in this region of the D. nodosus LPS. The gene responsible for the modification, @A, potentially encoded a polypeptide of approximately 37 kDa which was highly basic, a characteristic of enzymes which interact with the acidic inner LPS core. The lpsA gene appeared to be arranged in a complex operon with a downstream gene, prfC, which encoded a protein with similarity to E. coli peptide-chain release factor 3.
INTRODUCTION
The strict anaerobe Dicbelobacter nodoszls is responsible for the invasive lesions at the skin-horn junction which are associated with footrot in sheep. In cases of virulent footrot, these lesions may be so severe that they result in the complete separation of the horn of the hoof from the underlying tissue. This disease has a significant economic impact on the Australian sheep meat and wool industries.
A number of surface antigens from D. nodoszls have been implicated both in the disease process and as protective antigens in the host immune response. The type IV fimbriae (Every & Skerman, 1983) and extracellular serine proteases (Moses & Yong, 1989) of D. nodoszls are implicated in the colonization and subsequent penetration of the epithelial matrix of the ovine hoof. In addition, vaccination with fimbriae affords serogroup-specific protection (Stewart, 1978; Stewart e t al., 1985) while vaccination experiments with proteases indicate that they may offer some cross-protection (Stewart & Kortt, 1988 The GenBank accession number for the nucleotide sequence data reported in this paper is U06471.
structural components of virtually all Gram-negative bacteria and possess three major components : the hydrophobic lipid-A moiety, the non-repeating core polysaccharide and the repeating 0 side chain (Rick, 1987) . Compositional analysis has indicated that the LPS of D. nodoszls contains quantities of 2-keto-3-deoxyoctonic acid (KDO), heptose, glucose, galactose and glucosamine similar to the smooth LPS of members of the Enterobacteriaceae, although the phosphorus content is low (Stewart, 1977) . In vaccination studies with boiled cells or crude 0-antigen preparations, sheep developed anti-LPS precipitating antibodies but were not protected against footrot (Stewart, 1978) , suggesting that the LPS of D. nodostls is not a protective antigen. However, the structural role of LPS in the outer membrane of D. nodoszls is likely to be vital for the survival of this organism in affected and carrier sheep, which act as potential reservoirs of infection. The study of genes involved in the production of virulence and immunity factors has been hampered by the lack of a genetic system in D. nodoszls. No plasmids have been reported from this organism and no conjugation or transformation methods have been developed. As a result, genetic studies have been restricted to the nucleotide sequencing and expression of D. nodoszis genes in heterologous organisms. The elucidation of the organization of genes involved in LPS biosynthesis has come mainly from studies of enteric bacteria, in particular Escbericbia coli and Salmonella t_yphimtrritrm, which generally produce smooth LPS. Genes involved in the synthesis of LPS in these organisms tend to be encoded in several large gene clusters (Makela & Stocker, 1984) . The rfa cluster encodes the synthesis of the core polysaccharide, the r -gene cluster encodes the synthesis of 0 side chain units, while the r-c region is responsible for the polymerization of 0 side chain units onto the lipid-A-core. Genes likegalE which are essential for LPS synthesis, but are also required for other cellular functions, are usually found elsewhere on the chromosome and are not present in the LPS gene regions (Makela & Stocker, 1984) .
In this paper we report the cloning and sequencing of a D. nodo. rtr. r locus that conferred on the E. coli K12 host LPS an epitope which was present in the LPS of D. nodow. In addition, the site of modification of the E. coli LPS was localized to the inner-core region.
METHODS
Bacterial strains and plasmids. E. coli strains were grown on 2YT medium (Vieira & Messing, 1982) supplemented with 100 or 250 pg ampicillin ml-' where appropriate. D. nodosus reference strain A198 (Dewhirst et al., 1990) was cultured using Hoof (Thomas, 1958) or trypticase-arginine-serine (Skerman, 1975) medium in an environment of N2/H2/C02(80: 10: 10, by vol.). All of the E. coli host strains and plasmids used in this study are described in Table 1 .
Recombinant DNA techniques. Chromosomal DNA was prepared from D. nodosus strain A198 essentially by the method of Anderson et al. (1984) . Plasmld D N A was prepared from E. coli strains as previously described (Morelle, 1989) . General recombinant D N A techniques were performed essentially as described by Sambrook et al. (1989) . of Animal Science, Attwood, Australia (Katz et al., 1994) . Woodward et al. (1985) . Similarly, to determine if immunoreactive antigens contained protein, Western blots were treated with proteinase K. Following transfer of antigens to nitrocellulose, the test blot was incubated in 100 pg proteinase K (Sigma) ml-' in PBS (145 mM NaC1, 8.7 mM Na,HPO,, 1-2 mM NaH,PO,, pH 8-0) for 24 h, while the control blot was incubated in PBS for the same time.
Construction of
Both blots were subjected to two 10 min washes in PBS and numerous washes in TBS containing 0.05% (w/v) skim milk powder, before immunostaining as described above. All incubations were carried out at room temperature with shaking.
Nucleotide sequencing and computer analysis. Nucleotide sequencing of double-stranded DNA templates was performed using the T7 or 7-deaza T7 Sequencing Kits (Pharmacia) with the M13 universal or reverse sequencing primers (Pharmacia) and [35S]dATPaS, using the protocol of the manufacturer. The nucleotide sequence was compiled using the Eyeball Sequence Editor (Cabot & Beckenback, 1989) . Nucleotide and protein sequences were analysed using various programs in the Australian National Genomic Information System (ANGIS) at the University of Sydney, Sydney, Australia. Nucleotide and protein sequences were also compared to sequences in the GenBank, EMBL and SWISS-PRO" databases using the FASTA (Pearson & Lipman, 1988) and BLAST (Altschul et al., 1990) programs.
RESULTS AND DISCUSSION

Detection and characterization of the reactive antigen
A partial Sat/3AI library of D N A from the D. nodoszts reference strain A198 was prepared in pUCl9 and screened in a colony immunoassay with antiserum against a crude fimbrial preparation. Although this antiserum reacted primarily with the fimbrial subunit and the major outermembrane protein, it also showed significant reaction with other outer-membrane proteins (data not shown) and LPS ( The plasmid p JIR293, extracted from this recombinant, was shown to contain a 2.7 kb D N A insert which was responsible for the production of the reactive antigen. The profile observed was similar to previously described hybrid LPS molecules, where epitopes of Haemopbilzts infltrenxae (Spinola et al., 1990) , Neisseria gonorrboeae (Palermo et al., 1987) and Chlamydia tracbomatis (Nano & Caldwell, 1985) lipooligosaccharide were grafted onto the LPS core of the E. coli host.
The nature of the reactive antigen was determined by treatment of separate Western blots with either proteinase K or sodium periodate, followed by immunostaining with fimbrial antiserum (Fig. 1) . The results indicated that the reactive antigen was resistant to proteinase K, but was sensitive to treatment with sodium periodate, suggesting that the reactive antigen was carbohydrate in nature.
Reactivity of the typical LPS ladder observed with the purified D. nodoszts LPS appeared resistant to treatment with sodium periodate under the conditions used. However, the low molecular mass band corresponding to the lipid-A-core region was periodate-sensitive. All reactivity of the antiserum with D. nodoszts LPS was destroyed by prolonged treatment with periodate.
The reactive antigen forms pa^ of the LPS of D H 5a( p J I R293)
Whole-cell lysates and purified LPS from DH5a (pUC19) and DH5a(p JIR293) were separated by tricine-SDS-PAGE and silver stained preferentially for carbohydrate ( Fig. 2) . T w o unique bands, which migrated slightly faster than the host DH5a rough LPS, were observed in whole-cell lysates of DH5a(p JIR293). These bands were also present in purified LPS preparations from DH5a(p JIR293), indicating that they formed part of the LPS of this recombinant. O n traditional SDS-PAGE, these additional bands migrated as a single diffuse band, with a similar mobility to the reactive antigen observed by immunostaining (data not shown). Western blots of tricine-SDS-PAGE gels indicated that both additional bands reacted with the antiserum (data not shown). These results suggested that the reactive epitope was present as a modified LPS molecule in DH5a(pJIR293).
The immunoreactive epitope is present in the core region of D. nodosus LPS Attempts t o prepare antiserum against LPS from DH5a(p JIR293) were unsuccessful due to the low titres of specific antibodies obtained. Hence, to determine the relationship between the recombinant antigen and D. nodostls LPS, monospecific antibodies to the recombinant LPS antigen were eluted from Western blots. The eluted antibodies reacted with the additional LPS bands expressed by DH5a(p JIR293) and also with the LPS of D. nodostrs (Fig. 3B ). In contrast with the reaction exhibited by fimbrial antiserum (Fig. 3A) , the monospecific antibodies appeared to react preferentially with the lipid-A-core region of the D. nodoszls LPS and only slightly with the LPS ladder, suggesting that the epitope was present in the core region. If the epitope was present in the 0 side chain of D. n0doszl.r LPS, the monospecific antibodies would be expected to react only with the LPS ladder since there are no side chains present in the lipid-A-core region of the LPS. Therefore, it appeared likely that the product encoded by pJIR293 was involved in LPS core biosynthesis.
E. coli K12 LPS is modified in the inner-core region by the products of pJIR293
The two modified LPS bands migrated faster than the LPS of E. coli strains with full core regions, suggesting that the recombinant core region was smaller in size. It was postulated that the modification which created the D. nodoszls LPS epitope occurred to an intermediate in LPS core biosynthesis in E. coli and prevented further addition to the LPS molecule by E. coli LPS biosynthetic enzymes. To determine the stage in LPS core biosynthesis at which the host E. coli LPS core was modified, p JIR293 was used to transform E. coli K12 hosts with defects in LPS core biosynthesis. E. coli strains D21e7 and D21fl (Boman & Monner, 1975; Prehm et al., 1975) are mutants of E. coli D21 which have LPS deficient in galactose and glucose, respectively (Fig. 4a) . E. coli strain YA21-6 (Furukawa e t al., 1979; Mutoh e t al., 1978 ) is a mutant of YA21 and has heptose-deficient LPS (Fig. 4a) . Whole-cell lysates of plasmid-containing derivatives of the mutants, and their parent strains, were subjected to Western blotting and immunostained with antiserum prepared against D. nodosw fimbriae (Fig. 4b) . The results indicated that the reactive epitope was expressed in strains D21, YA21, D21e7 and D21fl carrying pJIR293, but was not expressed in YA21-6(p JIR293). D21 fl has LPS composed of lipid-A-KDO-heptose while YA21-6 possesses LPS consisting of lipid-A-KDO only. This result suggested that one or more of the heptose molecules are important, either as the site of modification or as a necessary addition prior to modification of the K D O or lipid-A regions of the LPS molecule. 
Cloning of an LPS gene region from D. nodoszrs
Localization of the locus responsible for LPS modification
A restriction map of pJIR273 was deduced and several subclones were constructed (Fig. 5) . Carbohydrate silver stain and Western blot analysis of whole-cell lysates of DH5a derivatives carrying these plasmids indicated that the locus responsible for the modification to the host LPS was localized to the 1.5 kb insert of pJIR301. DH5a strains carrying p JIR303, p JIR306, p JIR405 or p JIR731
did not produce the modified LPS (data not shown).
Nucleotide sequence of the LPS region
To further define the locus responsible for the LPS modification, the nucleotide sequence of the entire 2636 bp insert of p JIR273 was determined. (Fig. 5) . A 7-5 kb EcoRI fragment of AR63, which hybridized to pJIR273, was subcloned into the EcoRI site of pUC17 to construct p JIR531. This plasmid was mapped and shown to overlap pJIR273 and to extend for an additional 4.8 kb (Fig. 5 ).
SDS-PAGE and Western blot analysis of DH5a(p JIR531) indicated that this strain produced both additional LPS bands identified previously in DH5a(p JIR273), but no additional modification was observed (data not shown). Subclones of pJIR531 were constructed to enable the extension of the sequence determined from p JIR293 by an additional 1461 bp. The complete nucleotide sequence of this region is shown in Fig. 6 , and the ORFs are schematically depicted in Fig. 5 . The plasmids pJIR273 and pJIR531 were shown by sequencing to start at the same Saz13A1 site. Analysis of the sequence indicated the presence of three complete ORFs, IpsA (27-1058), pifC (1 150-2742) and orfA (2881-3641), and the incomplete ORF, o r -' .
The lpsA gene product is responsible for the modification to E. coli LPS Analysis of the sequence indicated the presence of a 1032 bp ORF designated IpsA. The position of this ORF was in agreement with the localization data for the locus responsible for the LPS modification. The lpsA gene encoded a putative polypeptide of 31 8 or 344 amino acids with a calculated molecular mass of 37.7 kDa or 40.8 kDa, depending on which of the two possible start codons (positions 27 or 105) was employed. No significant similarity was found when either the nucleotide sequence of IpsA, or the amino acid sequence of the predicted protein, was compared with the databases.
In the LPS biosynthetic pathways of the Enterobacteriaceae, the addition of sugars to the LPS core is carried out by peripheral membrane proteins (Rick, 1787) . However, hydrophobicity analysis of LpsA indicated that the protein was highly hydrophilic with no apparent signal sequence and was most likely located in the cytoplasm. Sequence data from E. coli gaQ, rfaP and rfaG genes indicate that the products of these genes also lack extensive hydrophobic domains, suggesting a cytoplasmic location (Parker e t al., 1792) . However, the transferase activity associated with these proteins has been localized to the inner membrane, suggesting the presence of a membraneassociated transferase complex (Rick, 1787) . In addition, proteins, such as RfaP, which interact with the inner-core region of E. coli LPS tend to be basic in nature (Parker e t al., 1772) . It has been suggested that this property reflects the requirement of these proteins to interact with the acidic inner-core of the LPS molecule (Parker etal., 1772) . The LpsA product was also basic, with a predicted isoelectric point of 10.2, and appeared to interact with the LPS inner core region in E. coli to create a D. nodoszls epitope, which was present in the core region of D. nodosm LPS. This evidence suggested that LpsA may interact with the inner LPS core in D. nodosns. In E. coli clones it appeared that the presence of LpsA must lead to an alternative pathway in the synthesis of LPS molecules.
The endogenous E. coli pathway would be followed until the addition of one or more of the heptose molecules. At this point there would be competition for substrate between LpsA and either the enzyme responsible for the addition of one of the other heptose molecules, or the enzyme responsible for the addition of the first glucose residue. The action of the E. coli enzyme, which presumably has greater affinity for the substrate, would lead to normal LPS biosynthesis and the production of E. coli core LPS. However, the action of LpsA would result in a modification to the LPS molecule, such that it could no longer be recognized by the host LPS biosynthetic machinery. An alternative to the direct action of LpsA on the inner core is that this protein may be involved in the modification of a sugar prior to its addition to the core. This explanation seems less likely since it implies that the normal E. coli sugar transferase must still be able to recognize the modified sugar and catalyse its addition to the core.
To confirm that the LpsA polypeptide was produced in E. coli, the 1-5 kb insert of pJIR301 was recloned into the IPTG-inducible expression vector pKK223-3 to construct pJIR467. The 2.7 kb insert of pJIR273 was also recloned into pKK223-3 to construct p JIR467 (Fig. 5) . In both plasmids the tac promoter was positioned upstream of lpsA to enable its overexpression. SDS-PAGE gels of uninduced and induced cultures of DH5aF'lacP strains carrying pKK223-3, p JIR467 and p JIR467 were stained with Coomassie Brilliant Blue (Fig. 7) . Induced cultures of the strains carrying pJIR467 and pJIR467 overexpressed a protein of approximately 36 kDa. This molecular size corresponded to the predicted size of LpsA using the second of the two putative start codons. This start codon appears the most likely based on the similarity of the putative ribosome-binding site to consensus
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These additional polypeptides corresponded in size to truncated proteins of 15 kDa and 57.2 kDa, respectively, that were predicted to arise from these clones by fusion of the prfC ORF with vector sequences. This result suggested that transcripts initiated upstream of l p s A may be able to proceed into the prfC coding region.
The region upstream of the l p s A coding region did not appear to contain sequences with similarity to any E. coli consensus promoter sequences, including a", a54 and a32
promoters. To investigate the presence of functional promoter(s) upstream of @A, a 118 bp fragment, which contained the entire region upstream of a second possible initiation codon for IpsA, was cloned into the promoter probe vector pKK232-8 in the correct orientation to construct p JIR699 (Fig. 5) . This vector has a promoterless chloramphenicol acetyltransferase (CAT) gene located downstream from a multiple cloning site. DH5a strains carrying pJIR699 did not express CAT activity levels significantly different from DH5a(pKK232-8) as measured by the method of Shaw (1975) (data not shown). This result indicated that the sequence upstream of IpsA in p JIR293 or p JIR531 did not show promoter activity in E. coli. Therefore, the expression of l p s A must be under the control of vector promoter sequences, although in both pJIR293 and pJIR531, l p s A was inserted in the opposite orientation to the lac promoter of pUC19. Investigation of the construction of pUC19 (Vieira & Messing, 1982) indicated the presence of a promoter sequence (P5) from pBR322 (Stiiber & Bujard, 1981) . In pUCl9, transcripts from this promoter can potentially read through the multiple cloning site in the opposite direction to the lac promoter. It is most likely that this promoter was responsible for the transcription of IpsA in pJIR293 and pJIR531. In D. nodostls, transcription is presumably initiated upstream of the Satl3AI site which defines p JIR293 and p JIR531, although it is possible that promoters recognized in D. nodostls but not E. coli were present in the pJIR293 insert.
The lpsA gene is associated with a gene encoding a peptide-chain release factor
The second major ORF identified in this study, prjC, potentially encoded a polypeptide of 531 amino acids with a calculated molecular mass of 59.9 kDa. Comparisons of the amino acid sequence of this protein with the protein databases indicated that PrfC showed 61.4 YO identity (81.4 YO similarity) with peptide-chain release factor RF-3 from E. coli (Mikuni et al., 1994) , hence the designation for this gene (Fig. 8) . RF-3 is involved in the formation of translation termination complexes and stimulates the activities of the two codon-specific peptide-chain release factors RF-1 and RF-2 Goldstein e t al., 1970; Mikuni e t al., 1994) . In addition, RF-3 has been demonstrated to bind G T P and possesses within its amino acid sequence, sequences with similarity to four consensus elements G1-G4 (Bourne e t al., 1991 ; Denver e t al., 1987) which constitute the GTP-binding domains of elongation-factor-like GTPases (Mikuni e t al., 1994) (Fig. 8) . PrfC also contained all the consensus residues in each of the GTP-binding sequence elements, except the initial A/G residue in the G1 region, which was substituted in PrfC with a serine residue, a characteristic it shares with its E. coli homologue (Mikuni et al., 1994) . The degree of similarity between PrfC and E. coli RF-3 suggested an analogous function for PrfC in D. nodostls, and makes it unlikely that PrfC plays any direct role in LPS biosynthesis. In addition, a DH5a derivative carrying pJIR730 (Fig. 5 ), which contained a full prfC gene under the control of the lac promoter, did not produce modified LPS (data not shown). (Schnaitman & Klena, 1993) , suggesting that l p s A and prfC may form a similar operon.
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Genes encoded downstream of prfC
The o r f A ORF, located 141 bp downstream ofprfC (Fig.  5 
